Abstract Neurons and glia are the two major cell types in the nervous system and work closely with each other to program neuronal interplay. Traditionally, neurons are thought to be the major cells that actively regulate processes like synapse formation, plasticity, and behavioral output. Glia, on the other hand, serve a more supporting role. To date, accumulating evidence has suggested that glia are active participants in virtually every aspect of neuronal function. Despite this, fundamental features of how glia interact with neurons, and their spatial relationships, remain elusive. Here, we describe the glial cell population in Drosophila adult brains. Glial cells extend and tightly associate their processes with major structures such as the mushroom body (MB), ellipsoid body (EB), and antennal lobe (AL) in the brain. Glial cells are distributed in a more concentrated manner in the MB. Furthermore, subsets of glia exhibit distinctive association patterns around different neuronal structures. Whereas processes extended by astrocyte-like glia and ensheathing glia wrap around the MB and infiltrate into the EB and AL, cortex glia stay where cell bodies of neurons are and remain outside of the synaptic regions structured by EB or AL.
Introduction
Higher-order behavioral tasks and cognitive functions are mediated by complex neural circuits composed of two major cell types in the nervous system: neurons and glia [1, 2] . While neurons have been considered to be the leading players in transducing inputs, glia, once thought to be passive, are now known to be active in virtually all aspects of nervous system function [3] . For instance, during axonal growth, glia regulate pathfinding and direct axons to their targets [1, 4] . When axons overgrow and further pruning is required, glia detect and clean up the degenerative axon debris [5] [6] [7] . During synaptic information flow, glia are crucial for the formation of synapses, engulfment of synaptic debris, and plasticity changes [8, 9] . In addition, glia are traditionally recognized as major cells in the brain despite the fact that controversies have arisen about the ratio of glia to neurons [10, 11] . These lines of evidence have established glia as important players in the nervous system [12] . Despite this, many fundamental aspects of glia, such as their spatial proximity and relative distribution to neurons, remain mysterious. Thus, a comprehensive analysis of glial cell number, morphology, and their location in proximity to neurons would be extremely valuable for understanding glia-mediated neuronal functions and their detailed roles in circuitry [2, 8, 13] .
The insect Drosophila melanogaster is not only well known for its sophisticated genetic tools and diverse behavioral features, but also its evolutionarily conserved sequences and genomes, making it an excellent animal model in which to study general signal transduction pathways and identify newly involved factors [7] . Remarkably, despite the difference in size, the Drosophila adult brain exhibits structures with functions similar to mammals. For instance, the mushroom body (MB) [14] , a structure found in other arthropods, has been suggested to be loosely analogous to the mammalian hippocampus, mainly for their common function in learning and memory [15] . Furthermore, Drosophila glia are morphologically and functionally similar to their mammalian counterparts [14] . A plethora of studies have given thorough descriptions of the diverse types of Drosophila adult glia [16] [17] [18] . Particularly, glia associated with the antennal lobes (ALs) have been discussed [19] . These studies provide an excellent foundation for understanding the general anatomy of Drosophila glia. Three major types of glia have been described in the adult Drosophila brain. While ensheathing glia in Drosophila function similarly to oligodendrocytes in wrapping around the neuropil, astrocyte-like glia infiltrate into the neuropil and are in close contact with synaptic regions like mammalian astrocytes [20] . A third type of glia, cortex glia, localize around the cell bodies of neurons and also act like mammalian astrocytes. Here we describe the glial population in the Drosophila adult brains. Using antibodies and genetic tools that specifically label glia and neuronal structures, we were able to analyze how glia construct a working environment for neuronal function. In addition, numbers of glia in close proximity to the MB and other structures were analyzed and quantified. These results suggest that glia are closely associated with the MB and other neuronal structures, providing substantial support and tightly interacting with neurons for brain function.
Materials and Methods

Fly Strains
Flies were maintained at 25°C on normal food. All strains were obtained from the Bloomington Stock Center or the Vienna Drosophila Resource Center. NP6520-Gal4, NP577-Gal4, and Alrm-Gal4 were gifts from R. Jackson and M. Freeman [21, 22] . All fly crosses were carried out at 25°C under standard laboratory conditions unless noted otherwise.
Immunohistochemistry and Microscopy
Adult brains were dissected from one-week-old flies without mouthparts and fixed with 4% formaldehyde in 1 9 phosphate-buffered saline following standard protocols as previously described. Reagents used included: normal donkey serum (0.5%; Jackson Lab), mouse antiRepo (1:100, DSHB#8D12), mouse anti-FasII (1:100, DSHB#1D4), rat anti-Elav (1:500, DSHB#7E8A10), and mouse anti-nc82 (1:100, DSHB#AB_2314866). The other secondary antibodies (mouse-Cy3 and rat-Cy3) were from the Jackson Lab. Images were captured using Leica TCS SP5 confocal microscopy and a Zeiss Imager M2 microscope and processed with Adobe Photoshop and Illustrator. Z-stack projection was the projection of serial optical sections of the specimen (2 lm per section).
Results and Discussion
Glia Extend Processes Around Major Structures in the Drosophila Adult Brain
We were interested in how glia interact with neurons and their spatial relationships in the Drosophila adult brain. The brain consists of important neuronal structures such as the MB, ellipsoid body (EB), and AL [23] . These structures regulate activities such as locomotion, olfactory learning, and memory. Especially, MB is generally recognized as a vital center for information collection and integration [24] , with the EB located posteriorly and the AL located anteriorly. To investigate the glial distribution associated with these structures, adult brains expressing UAS-mCD8GFP under the control of RepoGal4 (Repo[mCD8GFP) were dissected and immunostained with FasII or nc82 to reveal the MB, EB, and AL ( Figs. 1 and S1 ). All z-stack projections of images from the whole brain (total thickness *80-100 lm, taken in 40-50 sections of 2 lm each) were shown in Supplementary Fig. 1 . To visualize these neuronal structures with clearer resolution, confocal sections capturing the majority of these structures (*10-15 sections each) were taken and merged separately (as in all Figures). Interestingly, green fluorescent protein (GFP) signals representing glial processes were seen clearly around the lobes Fig. 1 Glia extend processes around the MB, EB, and AL. Adult brains carrying Repo[mCD8GFP (green) were co-stained with FasII (magenta, A-D2) to reveal the structure of the MB and EB. E-F2 Adult brains carrying Repo[mCD8GFP (green) were co-stained with nc82 (magenta) to reveal the structure of the AL. Confocal projections of sections that exhibit most of each structure (*10-15 sections) were shown (A-A2, C-C2, E-E2) and corresponding enlarged views were shown below (B-B2, D-D2, F-F2). Note that GFP-positive glial processes were seen around the MB, particularly at the tip and the peduncle (arrows in B2), and the EB (arrow in D2). These processes also infiltrated into the EB (D2) and AL (arrow in F2).
of the MB, suggesting that glia are in close proximity to the MB axon bundles (Fig. 1B-B2 ). These glia were closely associated with the MB lobes, yet little infiltration was seen within the lobes. In addition, more glia were localized at the tip and the peduncle of the MBs (arrows in Fig. 1B-B2) .
On the other hand, the FasII-labeled EB was also surrounded by glial processes (arrows in Fig. 1D-D2) . Distinctively, glial processes infiltrated into the EB ring and interconnected with EB axons rather than only surrounding the outer area. Infiltration of glial processes was further evident in the case of the AL, where olfactory processing is mediated. Glomerular interactions of glial processes and the AL were evident, suggesting that these processes infiltrate and interact closely with AL glomerular synapses (arrows in Fig. 1F-F2 ).
Glial Cells are More Concentrated in the Vicinity of the MB
To further analyze the spatial relationship between glia and neurons, the a, b, and c lobes of the MB labeled with mb247-Gal4-driven UAS-mCD8GFP (mb247[mCD8GFP) were dissected and stained with the glial marker Repo ( Fig. 2A-A2) . To quantify the number of glial cells, areas of 5, 15, or 25 lm away from the a, b, and c lobes were defined and Repo-positive cells were counted within these areas for the vertical a and horizontal b ? c lobes (Fig. 2D) . Interestingly, *100-200 glial cells were found to be in close proximity to the vertical a lobe and the horizontal b ? c lobes, depending on the area chosen (Fig. 2D) . These are likely to be neuropil-associated glia such as ensheathing glia and astrocyte-like glia. Similar numbers of these MB-associated glial cells were detected on the left and right sides of the brains. More glial cells were concentrated locally at the tip of a lobe and at the peduncle (arrows in Fig. 2A2) . A glia/MB neuron ratio of 0.6 was calculated by dividing the sum of MB-associated glial cells by the number of MB neurons at the calyces that differentiate into the a, b, and c lobes (*400 on either side; Fig. 2F ).
In addition, EBs labeled with C105-Gal4-driven UASmCD8GFP (C105[mCD8GFP) were stained with Repo. Similar to the MB, three distances were chosen for the measurement of glial cell numbers. Rings surrounded the EB of diameter 40, 60, and 80 lm were defined and the numbers of glial cells enclosed were counted (Fig. 2B-B2 , E). Interestingly, *100-150 glial cells were detected within the outer EB ring excluding the inner ring, whereas *50 glial cells were found within the inner EB ring (Fig. 2E) . Furthermore, the total number of glial cells around the MB on one side was similar to the number around the whole EB ring (outer), indicating a more concentrated distribution of glial cells in the MB than the EB (Fig. 2D) . Finally, brains were co-stained with Repo and Elav to reveal the nuclei of glia and neurons, respectively. In doing so, Repo-and Elav-positive cells were counted in 3 different bilaterally-symmetrical regions (total of 6) randomly chosen throughout the brain (Fig. 2C-C2 ). We found no distinguishable difference in any of these areas, i.e. the glia/neuron ratio was roughly the same for all of them (*0.2 in Fig. 2G ), suggesting that glial cells, likely cortex glia, are distributed in a similar manner regardless of the location of neurons. Compared to a glia/MB neuron ratio of 0.6, however, these results suggest that more glial cells are distributed in the vicinity of the MB, while in other brain areas, such as the cortex, glial cells are distributed similarly.
Subsets of Glia Exhibit Distinctive Expression Patterns
Three subsets of glia have been previously reported in the adult Drosophila brain: ensheathing glia, astrocyte-like glia, and cortex glia. To get a better idea of how these subsets are distributed, brains with corresponding Gal4s driving GFP expression were dissected and stained with FasII or nc82 to reveal the MB, EB, and AL. Using NP6520-Gal4, we were able to identify GFP expression in ensheathing glia [16] (Fig. 3) . Our analysis revealed that ensheathing glial processes wrapped around the MB, EB, and AL, with an overall expression level lower than the astrocyte-like glia labeled by Alrm-Gal4 [23] (Fig. 4) . Fig. 2 Analysis of glial cell numbers in the adult brain. Adult brains carrying mb247[mCD8GFP or C105[mCD8GFP (green) were co-stained with Repo (white, A1 and B1) to reveal glial nuclei. C-C2 Adult brains co-stained with Elav (green) and Repo (white, C1). Three different bilaterally symmetrical regions (total of 6) were randomly chosen with sizes of 0.14 mm 2 (1, 2, 5, and 6) and 0.4 mm 2 (3 and 4). D-F Statistical analysis of glial cell numbers in the vicinity of the MB and EB. Areas 5, 10, and 15 lm away from the a and b ? c lobes of the MB were drawn appropriately and quantified for glial cell number (D). Rings enclosing the EB of diameter 40 (inner), 60, and 80 lm (outer) were designated and the glial cell numbers counted (E). The sum of MB-associated glia was divided by the number of MB neurons that differentiated into the a, b, and c lobes to obtain the glia/MB neuron ratio (F). Numbers of glia and neurons were counted in areas 1-6 to obtain the glia/neuron ratio (G). Data are shown as mean ± SEM. Eight to ten brains were dissected and the numbers of glia and neurons were counted.
Both types of glia wrapped around the MB lobes, and infiltrated into the EB ring and the AL. However, astrocyte-like glia infiltrated into AL to a greater extent than the ensheathing glia (compare Figs. 3C2 and 4C2), and there was no distinguishable difference in the EB infiltration of both types of glia (compare Figs. 3B2 and  4B2) . In contrast, analysis of brains carrying NP577[mCD8GFP revealed that cortex glial expression was restricted to the locations of neuron cell bodies [16] (Fig. 5) . Interestingly, unlike astrocyte-like glia and ensheathing glia, few cortex glial processes were seen to extend into the MB or infiltrate into the EB and AL (Fig. 5) .
To further explore these glial sub-types, we stained brains carrying these three glial Gal4 s with nc82 that labels the neuropil. By imaging the whole brain in stacks (totally *45 confocal sections), we merged the 10 sections exhibiting most of the ALs and the remaining 35 sections separately (Fig. S6A and B, C and D, E and F). Consistent with our observations using Repo[GFP and nc82 (Figs. 1 and 3, 4, 5 ), ALs were mostly infiltrated by GFP-labeled glial processes from Fig. 3 Ensheathing glia extend processes around the MB, EB, and AL. Adult brains carrying NP6520[mCD8GFP (green, A-C2) costained with FasII (white, A1 and B1) or nc82 (white, C1) to reveal the structure of the MB, EB, and AL. Confocal projections merging sections exhibiting most of each structure (*10-15 sections) were shown. Note that GFP-positive glial processes were seen around the MB (A) and EB (B). These processes also infiltrated into the EB (B) and AL (C).
Alrm-Gal4 and NP6520-Gal4. On the other hand, NP577-Gal4-labeled glial processes infiltrated the ALs less. In the rest of the brain areas, we did not see prominent nc82-labeled structures that were infiltrated or co-labeled by these glial Gal4s (Fig. S2B2, D2, F2 , S3-S5).
Taken together, these results suggest that subsets of glia are distributed differently and possibly possess distinct functions. Whereas ensheathing glia and astrocyte-like glia both infiltrate into the EB and AL and extend processes around the MB, cortex glia are mainly localized in regions with neuron cell bodies. Our results provide a comprehensive analysis of glial cell numbers and their spatial relationships to neurons in the Drosophila adult brain. These findings lay a foundation for future studies elucidating glial cell function in terms of the ways they interact with neurons and how they act as essential partners in neuronal interplay. Fig. 4 Astrocyte-like glia extend processes around the MB, EB, and AL. Adult brains carrying Alrm[mCD8GFP (green, A-C2) were costained with FasII (white, A1 and B1) or nc82 (white, C1) to reveal the structure of the MB, EB, and AL. Confocal projections merging sections exhibiting most of each structure (*10-15 sections) were shown. Note that the overall GFP expression for astrocyte-like glia was higher than that for ensheathing glia. GFP-positive glial processes were seen around the MB (A) and EB (B). These processes also infiltrated into the EB (B) and AL (C). were co-stained with FasII (white, A1 and B1) or nc82 (white, C1) to reveal the structure of the MB, EB, and AL. Confocal projections merging sections exhibiting most of each structure (*10-15 sections) were shown. Note that GFP-labeled glial processes were mainly seen near the cell bodies of neurons. No specific processes were detected around the MB and they hardly infiltrated into the EB and AL.
